Chitin amendment is a promising soil management strategy that may enhance the suppressiveness of soil toward plant pathogens. However, we understand very little of the effects of added chitin, including the putative successions that take place in the degradative process. We performed an experiment in moderately acid soil in which the level of chitin, next to the pH, was altered. Examination of chitinase activities revealed fast responses to the added crude chitin, with peaks of enzymatic activity occurring on day 7. PCRdenaturing gradient gel electrophoresis (DGGE)-based analyses of 16S rRNA and chiA genes showed structural changes of the phylogenetically and functionally based bacterial communities following chitin addition and pH alteration. Pyrosequencing analysis indicated (i) that the diversity of chiA gene types in soil is enormous and (ii) that different chiA gene types are selected by the addition of chitin at different prevailing soil pH values.
Introduction
The suppressiveness of soils toward plant pathogens can be enhanced by adding polymers such as chitin to them (http://www.wageningenur.nl/en/location/PPO-Vredepeel-1.htm). There is currently great interest in such applications. In addition to enhancing suppression, chitinolytic bacteria can be successfully used as biological control agents against particular fungal or nematodal plant diseases (Downing & Thomson, 2000; Hjort et al., 2010 , Kobayashi et al., 2002 Kotan et al., 2009) . Such bacteria might be involved as natural agents in the suppression of plant pathogens. Concurrently, such endeavors drive research on other potential applications of the relevant chitin-degrading enzymes involved.
However, as a result of soil bacterial communities being highly diverse in soil (Curtis et al., 2002; Gans et al., 2005; Torsvik et al., 1996) , the ecology of the processes driven by them is still poorly understood. Hence, we do not quite understand how such communities respond, in terms of the succession of groups and activities and prominence of the enzymes these express, to chitin amendments. Moreover, the genetic diversity and potential of the relevant enzymes has remained largely unknown, which is mainly due to the difficulties associated with culturing the majority of bacteria under standard laboratory conditions (Curtis & Sloan, 2004; Schloss & Handelsman, 2004; Torsvik & Ovreas, 2002) .
Current DNA-based technologies allow opening the black box of soil functional and phylogenetic diversity. Moreover, an increasing research interest focuses on genes that encode biotechnologically applicable enzymes which are capable of degrading a natural polymer such as chitin. Chitin is clearly spread among many soil organisms, as it is a major component of the cell walls of fungi, in addition to the exoskeletons of invertebrates. Structurally, it is composed of a chain of β-1,4-glucosidic bonds linking N-acetyl-Dglucosamine moieties. The lack of evidence for the accumulation of chitin in soil suggests that it is normally degraded at a substantial rate (Gooday, 1990a,b) . Thus, the existence of a great reservoir of degrading enzymes is indicated. In general, bacteria are hypothesized to be among the main degraders of chitin in natural ecosystems, using it as a source of nutrition and energy (Gooday, 1990a,b) . Although exact estimates are lacking, many soil bacteria are thought to possess enzymes involved in chitin degradation. Data from aquatic bacteria indicate that between one and a few percent of these are able to degrade chitin (Beier et al., 2011; Cotrell et al., 1999) . Involvement of chitin-degradative enzymes in the parasitism of other (micro)organisms has also been reported (Patil et al., 2000) .
All known chitinases belong to glycosyl hydrolase families 18, 19, and 20 (Henrissat & Bairoch, 1993; Henrissat, 1991) . Bacterial chitin degradation involves, in the initial step, cleavage of the β-(1→4) bond by exochitinases, which are assigned mostly to family 18 of the glycosyl hydrolases. This protein family is subdivided in groups A, B, and C on the basis of the amino acid sequences of the respective members. As the majority of the characterized bacterial chitinases have been assigned to group A, it has been assumed that this group is the most abundant one in the environment (Metcalfe et al., 2002) . These chitinases (ChiA) are important given their capacity to produce short oligosaccharide chains 82 and chitin derivatives which are ecologically relevant as substrates. In addition, ChiA enzymes, in particular, those that work well at raised pH, find application in agriculture, industry, and medicine (Dutta et al., 2004; Dutta et al., 2002; Felse & Panda, 1999b; Gooday, 1990a,b; Krajewska, 2004; Olander & Vitousek, 2000; Qiu et al., 2009) . Currently, limited examples of bacterial chitinases are commercially available. The relevant enzymes, originating from Bacillus, Serratia, and Streptomyces spp., have limited optimal activities, mainly at acid to neutral pH. Given the interest in chitin degradation, in particular, as related to plant pathogen suppression, as well as the potential exploitation of chitinases, the objective of this study was to examine the impact of chitin amendment of soil, at two different pHs, on the diversity and abundance of the soil bacterial community. We included a high-pH treatment, as bacterial chitinases active under alkaline conditions are not yet available. We placed a special focus on changes in the family 18 gene chiA. A short-term (60-day) soil microcosm experiment was set up, which allowed the emergence of different bacterial communities enriched for chitin degraders. Changes in the structures and diversities of the bacterial communities were analyzed based on the 16S rRNA and chiA genes. In the light of reports on the importance of actinobacteria in soil chitinolytic processes (Metcalfe et al., 2002; Krsek & Wellington, 2001; Williamson et al., 2000) , actinobacterium-specific analyses were also performed. Finally, deep sequencing was applied to foster our understanding of the changes of chiA gene diversity and abundance as driven by the experimental factors applied.
Materials and methods

Extraction of chitin from shrimp shell waste
Shrimp shell waste obtained from Heiploeg (Zoutkamp, The Netherlands) was first intensively washed with demineralized water. Chitin extraction was performed according to a protocol modified from that of Xu et al. (2008) . Proteins were removed by being briefly soaked twice in 0.25 M NaOH, followed by overnight incubation in 0.25 M NaOH at room temperature. Samples were then soaked (30 min) in 0.12 M HCl followed by rinsing with deionized water until neutral pH was reached and drying overnight in a 60°C oven. The dried material was ground and sieved through a 2-mm-pore size mesh. The product contained chitin at over ~90% on a dry weight basis, the remainder consisting of mostly pigments, proteins, and ash.
Soil microcosms
Soil samples were collected in June 2010 at the experimental farm De Vredepeel in The Netherlands. The soil was characterized as sandy, with pH 5.7 and 2.2% organic matter. Triplicate 4 kg soil samples were removed from subplots in the top 10 cm of the soil. Soil was homogenized by passage through a 2 mm pore-size mesh sieve. The moisture was adjusted to 65% of the water-holding capacity. Three replicates of microcosms containing 220 g of soil were prepared in 720 ml jars for four different sets of treatments (12 jars in total). Two sets contained the soil of the original pH 5.7 measured in deionized water (1:2 soil:water ratio), whereas the pH of the other two sets was changed to 8.7 by adding 1 M sodium carbonate to each. One set of microcosms of each pH value was supplemented with 1.8% of the pre-prepared ground shrimp shell waste. The microcosms were incubated at room temperature. After 0, 1, 3, 7, 15, 30, and 60 days of incubation (T0 through T60, respectively), 5 g portions of soil were removed from each microcosm, immediately frozen, and stored at ~80°C for further analyses.
Chitinase activity enzymatic assay
Chitinase activities were measured fluorimetrically on the basis of enzymatic hydrolysis of the substrates 4-methylumbelliferyl N-acetyl-β-D-glucosaminide (a substrate for β-N-acetylglucosaminidase), 4-methylumbelliferyl N,N'-diacetyl-β-D-chitobioside (a substrate for chitobiosidase), and 4-methylumbelliferyl-β-D-N,N',N''-triacetylchitotriose (a substrate for endochitinase) with production of 4-methylumbelliferone using a chitinase assay kit (Sigma, Saint Louis, MO). Half a gram from each of the three replicates (at each time point) was collected and vortex mixed (full speed; 2 min) with 1 ml of sterile water. Samples were centrifuged for 5 min at 13,000 rpm. A 10 µl volume of supernatant was used for the enzymatic assay. The enzymatic activity was calculated according to the manufacturer's specifications. One unit of chitinase activity was defined as the release of 1 µmol of 4-methylumbelliferone from the appropriate substrate per min at pH 5.0 and 37°C. Fluorescence was measured at an excitation of 360 nm and emission of 450 nm for 1 s on a microplate reader (Synergy Mx Monochromator-Based Multi-Mode; BioTek Instruments Inc., Winooski, VT).
Nucleic acid extractions
DNA was isolated from all soil samples (300 mg wet weight) using a PowerSoil DNA isolation kit according to the manufacturer's specifications (MoBio Laboratories, Carlsbad, CA).
PCR-DGGE
ChiA gene amplicons were obtained as previously described (Willismson et al., 2000) . Actinobacterial and bacterial 16S rRNA gene amplicons were obtained as previously described (Heuer et al., 1997) . All PCR mixtures contained 0.2 µM each primer and 1.25UGoTaq polymerase (Promega, Madison, WI). Amplifications were carried out on a Veriti 96-well thermal cycler (Applied Biosystems, Bleiswijk, The Netherlands). Denaturing gradient gel electrophoresis (DGGE) profiles were obtained using 16 h of electrophoresis at 100 V, 0.5X Tris-acetate-EDTA (TAE) buffer at 60°C, and an Ingeny Phor-U system (Ingeny International, Goes, Netherlands). After electrophoresis, polyacrylamide gels were stained with SYBR gold (Invitrogen, Breda, The Netherlands) and visualized on a UV transilluminator. Three replicates from each of the treatments and 84 each time point were analyzed. DGGE profiles were compared using GelCompar II software (version 5.6; Applied Maths, Sint-Martens-Latem, Belgium).
Quantitative PCR
Quantitative PCR assays were performed using Maxima SYBR green mix (Fermentas, ThermoFisher Scientific) on an Applied Biosystems 7300 real-time PCR system. Primers and conditions as previously described (Fierer et al., 2005) were applied to quantify total bacterial and actinobacterial 16S rRNA copy numbers. chiA gene copy numbers were quantified as previously described (Yergeau et al., 2007) . For standards, chiA (approximately 450 bp) and full-length 16S rRNA gene products obtained after amplification of pure template DNA isolated from a Streptomyces griseus strain were used. Tenfold dilutions of the standard concentrations were adjusted to 10 1 to 10 8 (estimated) gene targets per reaction. We thus calculated the gene copy numbers for all three of the aforementioned systems. We interpreted these with the cautionary note in mind that such data are intrinsically biased in the light of known and well-accepted (but unsolved) questions about DNA extraction efficiencies, numbers of genes per genome, and potentially differential PCR rates.
Pyrosequencing analysis
Partial chiA gene amplifications (T0, T3, and T7 samples) were carried out in 50µl volumes containing 5 µl of 10X PCR buffer, 0.2 mM deoxynucleoside triphosphate (dNTP) mix, 3.75 mM MgCl2, 2% dimethyl sulfoxide (DMSO), 20 µmof 10-bp barcoded GA1F and GA1R primers (Williamson et al., 2000) , and 1.5 U of GoTaq Flexi DNA polymerase (Promega, Madison, WI). All amplifications were performed on a Veriti 96-well thermal cycler (Applied Biosystems-Life Technologies Europe BV, Bleiswijk, The Netherlands). The amplification conditions were preceded by an initial denaturation step (95°C for 5 min) and followed by 35 cycles consisting of denaturation at 94°C for 1 min, annealing at 60°C, and elongation at 72°C for 1 min, followed by a final elongation step for 10 min at 72°C. Amplicon mixtures were subjected to pyrosequencing using a Genome Sequencer FLX system (Roche Diagnostics GmbH/454-Life Science Corporation, Branford, CT). Sequences were deposited in the Sequence Read Archive (SRA).
Mothur (Schloss et al., 2009 ) was utilized to analyze the reads. The sequences were evaluated for quality and the presence of ambiguous bases and homopolymers and were trimmed to remove primers and barcodes. All sequences which did not pass quality control requirements (mean quality of reads >25, no ambiguous bases allowed, homopolymers >8 bases), as well as sequences without identifiable primers and barcode, were removed. Potential chimeras were removed using ChimeraSlayer implemented in Mothur. The remaining reads (50% on average) were translated into amino acid sequences. All sequences containing internal stop codons and unidentified amino acids due to sequencing errors were removed. Each translated sequence was used as a Blast-P query 85 against a 1,754 sequence database obtained from CAZy (Cantarel et al., 2009 ) using a 10 -20 E cutoff value. Sequences which did not pass this filter were removed. Due to the proteinbased comparisons, we refer to "-type" or "-like" sequences rather than to defined affiliations. Amino acid sequences were aligned using ARB software (Ludwig et al., 2004) , together with the corresponding region of the reference sequences. Dissimilarity matrices were calculated from the pairwise alignment of amino acid sequences using PHYLIP 3.67 software (Felsenstein, 2005) . The obtained matrix was fed to Mothur for complete linkage clustering. Qualified sequences were assigned to operational taxonomic units (OTUs) based on a 20% dissimilarity cutoff. This 20% cutoff was chosen based on slope stabilization by plotting the number of unique OTUs at different OUT cutoff values.
Statistics
The Shannon index of bacterial diversity was calculated as H=-∑PilogPi based on the relative band intensities (Pi) as formulated by Eichner (Eichner et al., 1999) . Bacterial and actinobacterial abundances were analyzed by one-way analysis of variance (ANOVA) (STATISTICA 8; StatSoft Inc., Tulsa, OK) to determine the significance of the differences between treatments. The analysis of coverage was based on post hoc analysis using Tukey's honestly significant difference (HSD) test. Stepwise multiple regression calculations were conducted by the REG procedure (SAS version 8.02; SAS Institute Inc., Cary, NC) to determine to what extent variations in biological or chemical parameters could explain the variations in the enzymatic activities.
Regression analyses of normalized data were conducted. The parameters were as follows: log[actinobacterial 16S rRNA gene copy number](Actino16SrRNA), sqrt[log(16S rRNA gene copy number)/log(16S rRNA gene copy number)max](16SrRNA). Actinobacterial, bacterial, and chiA gene diversity and richness as determined by PCR-DGGE (Actino16SrRNA Shannon, 16SrRNA Shannon, Actino16SrRNA Chao1, and 16SrRNAChao1) were included after the following transformation: log[chiA gene abundance] (chiA) and diversity (chiA and chiA Shannon, respectively), log[pH] (pH), sampling time point (incubation), chitin addition (chitin). Variables in the regression models were significant at the 0.15 level. Models were restricted to a maximum of two parameters.
Relative abundance data were fitted to the power function (Mitzenmacher, 2004) , using nonlinear regression (Gauss-Newton method; SAS version 8.02). In the model, Cr= ar m ; where Cr is the relative abundance at rank r (the most abundant rank is given a value of 1, the second most abundant a value of 2, etc.), a is an empirical type-and locationspecific constant, and m is the shape parameter (Van der Gast et al., 2008) . The significance and fit were assessed using the F value of the nonlinear regression and the nonlinear coefficient of determination (pseudo-R 2 ) for each rank/abundance curve, respectively. Differences in the relative abundances were analyzed by two-sided t tests. Finally, Jaccard similarity matrices calculated based on the PCR-DGGE patterns were used in principal 86 coordinate analysis (PCoA) (Canoco 4.55; Microcomputer Power).
Nucleotide sequence accession number
Sequences were deposited in the Sequence Read Archive (SRA) under the number SRA052538.
Results
Effects of chitin addition and pH on the chitinolytic activity in soil
As expected, in all microcosms without added chitin, the levels of chitinolytic activity were low throughout the course of the experiment (Figure 1) . First, there were no significant differences (P>0.05) between the values over time in the control ("native pH, no chitin") microcosms. In the "altered pH" microcosm without added chitin, there was a progressive decrease of chitobiosidase activity ( Figure 1B ) between the beginning and the end of the experiment (T0, T1, T3, T7, and T15 versus T30 and T60; P<0.001). Overall, the highest chitinolytic activities were observed in the chitin-amended microcosms at pH 8.7 at T3 and T7 for all three measured activities, with rapid decreases being recorded at T15. From this time onward, the initial levels, in particular those of the endochitinase and chitobiosidase activities, were reached (P>0.05). In the native-pH microcosm with added chitin, values were raised as well. There were no differences in the endochitinase activities over time (P>0.05; Figure 1C) . A comparison of the native-pH and pH 8.7 microcosms with or without added chitin revealed that the measured activities were lower in the former than in the corresponding latter systems throughout the duration of the experiment.
Effect of chitin addition and pH on the soil bacterial community abundance and community structure.
The bacterial abundances in the non-chitin-amended soils (pH 5.7 and 8.7) were statistically similar (P>0.05) (Figure 2A ) during the whole experiment. In the chitinamended soil at native pH, a rapid increase of the 16S rRNA gene copy abundance was observed from T0 to T3 (from 2 x 10 9 to 1.5 x 10 10 gene copies per g of soil; P=1.8 x 10 -4 ) and the numbers remained high until T15 (1.4 x 10 10 gene copies per g of soil). At T30, the initial copy number was reached again. In contrast, in chitin-amended pH 8.7 soil, the 16S rRNA gene copy numbers increased steadily from T1 to T15, at which time they reached the maximal level of 1.3 x 10 10 copies per g dry soil.
Although fluctuations in the actinobacterial 16S rRNA gene copy numbers were observed in the soil at pH 8.7 (Figure 2B ), there was no clear trend which could explain the changes as the result of a response to chitin addition. In the control soil microcosms, the abundances remained at similar, stable levels ( Figure 2B ). After addition of chitin, the actinobacterial abundances increased slightly but significantly from T0 to T1 (from 3.8 x 10 8 to 1.05 x 10 9 copies per g of soil; P=7.1 x 10 -4 ) and stayed at this increased level until the end of the experiment. However, the relative abundance decreased, suggesting that Actinobacteria were not the prime responders to the chitin addition. As expected, the chiA gene copy numbers did not change in the control soils (no chitin addition) throughout the experiment. Also, the change of pH from 5.7 to 8.7 did not significantly influence the chiA gene copy numbers (T0), which remained at levels that were similar for the high-pH and the native-pH soils ( Figure 2C ). In contrast, the chitintreated soils, at both native and high pHs, revealed strong effects of added chitin on chiA gene abundance. As from T1, this abundance was greatly increased compared to that in the corresponding control soil ( Figure 2C ). Thus, due to the treatment, the chiA gene abundance had increased from 3.0 x 10 7 to 7.0 x 10 8 gene copies g soil in pH 8.7 soil (ANOVA; log-transformed data, P=1.5 x 10 3 ) and from 3.2 x 10 7 to 7.2 x 10 8 gene copies g -1 soil (ANOVA; log transformed data, P= 1.7 x 10 -4 ) in native-pH soil at T3. The abundance remained at a similar high level in the native-pH chitin-amended soil until T30. Interestingly, in the pH 8.7 chitin-amended soil, in which the maximal chiA gene abundance had already been reached at T3, the chiA gene abundance gradually decreased, reaching a level at T15 that was comparable to the initial one ( Figure 2C ) and significantly different from that at T3 (P= 4.4 x 10 -2 ).
The differences among replicates of the bacterial and actinobacterial as well as chiA-based PCR-DGGE profiles were negligible (Appendix figure S1) ; hence, we used single profiles in our clustering analyses. The bacterial profiles were affected as a result of the shifted pH as well as chitin addition. Moreover, per treatment, they shifted over the time of the experiment ( Figure 3A and a) . In the native pH soil, a strong effect of added chitin was observed, as is evident from the shifts of the community compositions at T7 and T15 ( Figure 3A) . In contrast, in the pH 8.7 soil, the detectable chitin addition effect was weaker. Similar observations were made with respect to the actinobacterial PCR-DGGE profiles. Here, there was a clear separation of the community profiles in the native-pH soil supplemented with chitin ( Figure 3B ), whereas the community structures in the pH 8.7 soils were stronger influenced by incubation time (Figure 3b) .
The chiA gene-based PCR-DGGE analyses revealed progressive and major changes in the profiles as a result of the addition of chitin (T3 through T15 compared to T0, for both native-pH and pH 8.7 soils). Moreover, extended incubation times (30 to 60 days) had a strong influence on the chiA gene profiles, as the similarities between the profiles at T30 and T60 and the remaining ones were the lowest ( Figure 3C and c) . Based on these observations, expecting major differences in the bacterial chitinolytic communities at T7 in contrast to longer incubation times, the T0, T3, and T7 samples were thus selected for deep pyrosequencing of the chiA gene. 
Analysis of the relationship between enzymatic activity, bacterial community, and treatment
Multiple regression analyses were performed in order to identify the factors that explained most of the variations in the enzymatic activities measured in the microcosms (Table 1) . Bacterial abundance (16S rRNA gene copy numbers) was the best predictor of chitinolytic activities for both β-N-acetyl-glucosaminidase activities (P<0.0001) and chitobiosidase activities (P<0.0001), explaining 67% and 54% of the variations, respectively. In both cases, increases in bacterial abundances correlated well with increases in enzymatic activities. The remaining variation was explained by pH, which significantly affected both measured enzymatic activities (P <0.0001), with increases of activity at higher pH values. 
RADs
In order to better understand underexamined processes in microbial communities, we focused on rank-abundance distributions (RADs). We examined the effects of chitin and pH on the bacterial community structures (evenness) over time, and the evenness of the RADs of OTUs obtained from the pyrosequencing analysis was examined. The shape (slope) of a distribution curve is associated with evenness; lower values are observed if more of the OTUs have similar numbers of individuals (higher evenness). The shape parameter, m, was plotted over time for each of the treatments (Figure 4 ). Although slight shifts in the evenness of the microbial communities (m values ranging from -0.82 to -0.85) between chitin-untreated and chitin-treated soils were observed at native pH, these changes were not significant (P>0.05). In the chitin-treated pH 8.7 soils, the general trend was different, as a significant shift toward higher evenness (the m value increased from -0.84 to -0.80; P=0.031) was found after day 7 of incubation. 
Analysis of the diversity of the chiA gene across treatments
Given the fast activity and bacterial responses to the chitin amendment and pH change, our interest in the immediate responses to the treatment was raised. Thus, the samples taken at T0, T3, and T7 were selected for deep pyrosequencing of the chiA gene. Sequencing was performed for all four treatments, each in three replicate experiments. In total, 592,924 sequence reads of, on average, 450bp were obtained; of those, 322,167 reads passed the filtration settings. For each replicate per treatment, an average 8,949 reads were thus obtained, giving 26,793 reads per treatment (Table 2) .
We defined chiA-based OTUs on the basis of an 80% similarity criterion. OTUbased analyses were performed on normalized numbers of sequences (3,854 sequences). Good's coverage estimator ( Table 2 ) then revealed that the main fraction of family 18 chiA sequence types (OTUs) was detected across all samples. Based on the Chao1 and abundance-based coverage estimator (ACE) richness estimators, the chiA gene richness decreased over time in the pH 8.7 soil, especially after chitin addition (Chao1 T0 versus T3; P=0.018), suggesting a doubly selective effect of pH and chitin. The T7 samples of this treatment yielded the lowest predicted richness values (ACE, 582±59; Chao1, 418±9). Similarly, the chiA gene diversity, expressed as the Shannon index, decreased over time in the pH 8.7 soil supplemented with chitin (T0 versus T3, P=0.035; T0 versus T7, P<0.001) and in comparison to the control (T3, P =0.004; T7, P=0.001), with the lowest value at T3 (1.95±0.08; Table 2 ). In both native-pH microcosms, the decrease of richness was observed from T0 to T3, with an increase at T7 (Table 2) . Representatives of each OTU were then used for a BLAST-P query against the database. The number of OTUs affiliated with each of the best-hit chitinases and the identities between best hit and representatives of OTUs are given in Table S1 in the supplemental material (Appendix).
The BLAST-P results revealed high similarities between the chiA gene profiles in all four treatments at T0 (Figure 5 ). Hence, there were no immediate changes related to the chitin addition and pH modulation that were applied. Furthermore, the chiA gene diversity and composition remained stable in the native control soil over the T7 experimental period.
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Addition of chitin lowered the observed diversities in both native-pH and pH 8.7 soils. Also, strong chiA gene diversity shifts concomitant with the pH were observed (see Appendix table S2) . Stenotrophomonas maltophilia-related chiA sequences dominated in the pH 8.7 soil (both with and without chitin) at T3 (P <0.001) ( Figure 5 ; see also Appendix table S2), with increased dominance in the chitin-treated soil. Although still present at T7, the relative abundance of the S. maltophilia-related sequences had decreased. After T7, Isoptericola jiangsuensis-type gene sequences dominated the chiA gene pools in the chitin-treated pH 8.7 soils (increase from <1% to 30%; P<0.001) (Figure 5 ; see also Appendix table S2). Thus, this type was the second dominant chiA gene type after that of S. maltophilia. Also, in native-pH soil treated with chitin, there was an increase of such sequences but not to the same extent as in the pH 8.7 soil (from <1% to 8%; P<0.001) ( Figure 5 ; see also Table S2 in the supplemental material). The native-pH soil treated with chitin was already dominated by Janthinobacterium lividum-type chiA sequences at T3 (48%; P<0.001) ( Figure 5 ; see also Appendix table S2).
The same trends in the chiA gene diversity as described above became visible at the phylum level (see Figure S2 in the supplemental material). Irrespective of time-, chitin-, and/or pH-related differences, Gamma-and Betaproteobacteria-like chiA gene sequences became predominant after the addition of chitin to the soil used. There were clear differences between the native-pH and pH 8.7 soils in the gene sequence composition. In pH 8.7 soils with and without added chitin, Gammaproteobacteria-like chiA sequences dominated, with higher percentages in the chitin-treated versus untreated soil at T3 (96% versus 66%, respectively). At T7, these percentages had decreased and were comparable between the two systems (61% versus 55%). In the native-pH soil treated with chitin, Betaproteobacteria-like chiA sequences dominated (an increase from 6.6% at T0 to 48% at T3 and T7). However, there was also an increase in the percentage of Gammaproteobacteria-like chiA gene sequences. The relative abundance of sequences with similarity to chiA genes from Actinobacteria also shifted, as it appeared that both the chitin treatment and pH increase had a negative effect on the relative numbers of sequences assigned to this phylum. Comparison of levels of chiA gene diversity at different sampling points. The stacked-column graph represents the relative distributions of chiA genes affiliated with different bacterial species based on BLAST-P analysis. All calculations were performed on normalized data. Average relative abundance data from 3 replicates were calculated as the ratio between the sequence type abundance and the total number of sequences in the group. Sequence types represented by less than 1% of the sequences are grouped and presented on the graph as the "<1%" group. 
Discussion
In general terms, microbially driven chitin degradation is well documented at the overall process level. Chitin degradation in soil has been shown to be a relatively fast process (60% mass loss of buried chitin in soil nets after 180 days (Sato et al., 2010) , 40% mass loss after 5 months (Krsek & Wellington, 2001 ). However, in spite of previous important work ( Kobayashi et al., 2001; Williamson et al., 2000; Sato et al., 2010) , there still is a paucity of knowledge on the actual successions that take place, in the face of chitin supplementation, during chitin degradation in soil among the chitinolytic and other microbial communities. For instance, no deep-sequencing studies have been conducted that would provide a more comprehensive insight into the effects of chitin and pH on the chiA gene diversity in soil. Here, we combined enzymatic assays with bacterial abundance and diversity assessments and deep chiA gene sequencing in order to shed light on such effects.
Chitin addition to soil was shown to stimulate the overall community chitinase activities, which is likely to reflect the activity and growth of a chitinolytic microbiota. In the process, it is likely that the microbial growth following chitin amendment was affected and possibly limited by other prevailing conditions, such as the availabilities of other compounds that became limiting (e.g., phosphorus and/or iron) or predatory forces exerted by protozoa. It is also important that the chitinase activity assays measure the total enzymatic activity of the soil community and are not specific for bacterially driven chitin degradation. In natural or agricultural soils, chitin polymers are mainly of fungal origin, fungi also being among major degraders of this compound. Thus, it is expected that the measured enzymatic activity also reflects fungus-based chitin degradation (Kellner & Vandenbol, 2010) . Moreover, there is no clear distinction between endo-and exochitinolytic activities (LeCleir et al., 2007) . However, our results showed the best predictors of chitinolytic activities for both β-N-acetylglucosaminidase and chitobiosidase activities were correlated with bacterial abundance and soil pH (explaining 89% and 77% of the variations, respectively). Indeed, for both enzymes, the increases in bacterial abundances were related to increases in enzyme activities. Hallmann et al. (1999) observed that bacteria respond much faster than fungi to chitin amendment of soil. Species (OTU) richness is considered to reflect the stability of an environment (Ives et al., 2000; Li & Stevens, 2010) . Indeed, in our study, the number of chiA-based OTUs was highest in the control soil microcosm. As expected, OTU richness decreased after chitin addition and/or pH changes, probably as a result of the necessary adaptation of the soil microbiota to the new conditions. The evenness of the species distribution allows an evaluation of the overall biological activity of a habitat, as high biological activity often coincides with low evenness. This suggests that the conditions created in soil by chitin addition as well as pH alteration induced changes in local conditions, allowing selection of particular bacterial groups. Such differential responses thus allow a better understanding, and possibly mining, of the chitinolytic activities from such different locally responsive communities.
Actinobacteria, which are widely distributed in soil, have been pinpointed as important decomposers of complex organic molecules in the soil environment. They are also often taken as representative models of chitin degradation in soil (Krsek & Wellington, 2001; Metcalfe et al., 2002a; Williamson et al., 2000) . Actinobacteria are indeed commonly found in soil screens for chitinolytic activities by culture-based approaches (Sato et al., 2010) . However, in our study, their numbers were negatively correlated with the soil chitin level. This was observed for both the actinobacterial 16S rRNA gene quantification and the actinobacterium-related chiA gene sequences. One explanation could be that these organisms exhibit slower responses to chitin addition to soil than those of other groups. Moreover, they may show better culturability than other bacterial groups, thus showing up abundantly on plates, including those supplemented with chitin. Indirectly, this is consistent with "the great plate count anomaly" (Staley & Konopka, 1985) , corroborating the fraction of known culturable bacteria that is known to possess chitinolytic activity (Das et al., 2010) . However, being aware of molecular technique biases (e.g., accounting for genome copy numbers, DNA extraction efficiency, or the presence of inhibitors in the DNA extracts influencing PCR efficiency), we are not able to measure absolute gene/bacterium abundances.
To analyze the changes in richness and diversity of the chiA gene in our system, we employed analyses using chiA OTUs (defined at the amino acid sequence level using an 80% similarity cutoff). The initial BLAST-P analyses of our sequences gave an impression of rather low chiA gene richness in our systems. However, our analyses may have been biased by the depth with which the available reference sequences represent the genes found in ecosystems. The existing database may actually be rather limited, and so our data set adds a large amount of novelty to the database.
Furthermore, although we tentatively assigned affiliated species to the partial chiA sequences obtained, reliable identification of the chiA gene-carrying bacterial species is clearly difficult on this basis. The reason for this cautionary note is that 16S rRNA genebased phylogeny is often not consistent with chiA gene based phylogeny. Cottrell et al. (2000) revealed a closer relationship of chiA genes of the gammaproteobacterium Vibrio with those of Alphaproteobacteria than with those of bacteria belonging to the Gammaproteobacteria. Moreover, Xiao et al. (2005) showed that the chiA genes obtained from the taxonomically divergent Janthinobacterium lividum, Cytophaga sp., and Stenotrophomonas sp. shared surprisingly high (95%) identity. Similarly, Ramaiah et al. (2000) showed that the chiA gene of Vibrio sheri did not group with that of other Vibrio types. Horizontal gene transfer is suggested to be responsible for these observations of unexpected high sequence similarities between similar gene types in unrelated taxa. In contrast to these findings, Metcalfe et al. (2002a,b) found a perfect match between chiA and 16S rRNA gene sequence-based phylogenies in Streptomyces as well as in Stenotrophomonas maltophilia. Thus, given these contrasting findings, more data comparing chiA and 16S rRNA gene sequence phylogenies on the basis of the same
